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Haveearthquakesstrong enough to rup-
ture the ground surfaceoccurred onfaultsin
central Arizona during the recent geologic
past? Could suchearthquakeshappeninthe
future? If so, where are they most likely to
occur?

TheSeismotectonicsand Geophysics Sec-
tion of the U.S. Bureau of Reclamation has,
during the last 6 years, been working on
answering these questions (Anderson and
others, 1986,1987; Anderson, 1990; Piety and
Anderson, 1990). The Bureau of Reclamation
is interested in earthquakes because it is
responsiblefor thesafety of eight majordams
incentral Arizona, including Horseshoe Dam
onthe Verde River (Figure1). Allbutoneof
these dams were built between 1908 and
1946, longbeforeanyonerealized thatstrong
earthquakes could occurin thisregion. The
possibilityof suchearthquakeswasnotreadily
recognized, partlybecauseearthquakeslarge
enough to rupture the ground surface have
not been observed historically within Ari-
zona (DuBois and others, 1982; Stover and
others, 1986).

Recognition of the potential for strong
earthquakes in Arizonaarosein themiddle
1970’s, when geologists began to search the
State for evidence of prehistoric surface-
rupturing events (Soule, 1978; Morrisonand
others, 1981; Menges and Pearthree, 1983;
Pearthree and others, 1983; Pearthree and
Scarborough, 1984). Interestingly, thesestud-
iesrevealed thatsuchevidenceiscommonin
Arizona. The evidence chiefly consists of
scarps, orabruptbreaks, ongentlyandevenly
sloping surfaces ofalluvialdeposits. Because
thesescarpsareassociated withknown faults
and are similar in appearance, size, and
length to scarps formed during historical
earthquakes throughout the world, geolo-
gistsinfer thatthe scarpsin Arizona formed
duringearthquakes thatwerestrongenough
to rupture the ground surface. Such earth-
quakes in the western United States are
typically larger than about magnitude 6,
which is large enough to cause significant
damage tonearby, inadequately designed or
poorly constructed structures. Becausescarps
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Figure 1. Aerial view of Horseshoe Dam (foreground). This view toward the north-northwest shows the curving
north-facing scarp on the terrace surface (Qt) along the Horseshoe Reservoir segment (HRS) of the Horseshoe fault,
a segment that wasonly recently identified. Theapproximate locations of two trenches excavated across this scarp
are shown. (Seesection titled "Horseshoe Reservoir Segment.”) Ts indicates tuffaceous sedimentary and volcanic
rocks of late Tertiary age (Figure 3).

are eventually eroded from the landscape,
those that formed during the last several
hundred thousand yearsareeasiestto recog-
nize. Furthermore, scarps thatindicatemul-
tipleground-rupturing earthquakesalonga
faultduring the last few hundred thousand
years may be the most likely sites of future
ground-rupturing earthquakes and, thus,
are of greatest interest to those who assess
the potentialhazard to manmadestructures.

Most faults in Arizona that display evi-
dence of activity during the last 2 million
years(m.y.;theQuaternaryPeriod)liewithin
adiffuseband that trends diagonally across
the State from the northwest to the south-

east (Pearthree and others, 1983) and ex-
tendsbeyond itsborders(e.g., thenumerous
faults in southwestern Utah and southern
Nevada [Wallace, 1981] and the Pitaycachi
faultinnorthern Sonora, Mexico [Pearthree,
1986; Pearthree and others, 1990]). This
band of faultsroughly coincides withanorth-
west-trending, poorly defined concentration
of historical seismicity (Sumner, 1976;
Pearthree and others, 1983) and the Transi-
tion Zone physiographic province (Peirce,
1984, 1985; Figure 2). The Horseshoe fault,
which we investigated as part of a seismo-
tectonic study of Horseshoe and Bartlett
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Dams, lies within both the Transition Zone and the northwest-
trendingband of Quaternary faults (Figure 2).

HORSESHOE FAULT

The Horseshoe fault is a north-trending normal fault that has
characteristics similar to those of other faults within the Transition
Zone thatshow evidence of Quaternaryactivity. Althoughourstudy
focused on the Quaternary displacementalong the Horseshoe fault,
evidence forolder displacementis also preserved. Thebasineastof
and adjacent to the Horseshoe fault, which we informally call the
Horseshoebasin, is filled with Tertiary sediments and volcanicrocks

that consist of at least two distinct units: an older one containing
abundant volcanic rocks (basalt, volcanic breccia, and tuffaceous
sediment) and a younger, finer grained unit containing markedly
fewer volcanicrocks (predominantly mudstone withsome conglom-
erate and sandstone). The older unit dips steeply and contains
numerous faults. Anisotopicageonabasaltsuggests thattheolder
unitwas deposited about15m.y.ago (Scarboroughand Wilt, 1979).
Incontrast, theyounger unitdisplays only minordeformationand may
havebeendeposited between10m.y.and5m.y.ago (Scarboroughand
Wilt, 1979).

Thelithologic characteristics and ages of these two units suggest
thatthe timing of themain phase of activity along the Horseshoefault
may besimilar to thatalong other basin-bounding faults in Arizona.
This activity began between about 15 m.y.
and 10m.y.agoand mayhavediminished or
ceased betweenabout8m.y.and 6m.y.ago
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1981; Menges and Pearthree,1989). This per-
iod of late Tertiary activity, called the Basin
and Range disturbance, affected many of the
normal faults in the Transition Zone and
adjacent Basin and Range Province in Ari-
zona. Thisdisturbanceis thoughttobeprimar-
ilyresponsiblefor thealternating rangesand
basins thatnow characterizelarge portions
of these two physiographic provinces.

The Horseshoe fault is one of several
faults in the central Transition Zone that
wereactiveduring thelate Tertiary and that
either have been reactivated during the
Quaternaryorhave continuedtobeactiveat
lower rates (Pearthree and others, 1983).
Compared toother possiblyreactivated faults
in the area (e.g., the Big Chino, Verde, and
Sugarloaf faults; Figure 2), the Horseshoe
faultis unusualbecauseitiscomposedof two
nearly perpendicular strands, only one of
whichisalongarange front(Figures2 and3).
Onestrand, whichwe informally call theHell
Canyonsegment, trends almost duenorth,
separating an unnamed mountain range to
the west from Horseshoe basin. The other
{}@ strand, whichweinformally call the Horse-

A shoe Reservoirsegment, trendswest-north-
west, slicing obliquely across Horseshoe
basin. Both strands of the Horseshoe fault

Probable late Quaternary faults (displacement occurred during the last 150
and ball on downthrown side.
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: Grani;ic rocks (Early Proterozoic; 1,650 m.y. to 1,750 m.y. old).

completed:
B-Bartlett Dam (Piety and Anderson, 1990).
C-Coolidge Dam (Anderson, 1990).
H-Horseshoe Dam (Piety and Anderson, 1990).
S-Stewart Mountain Dam (Anderson and others, 1986).
T-Theodore Roosevelt Dam {Anderson and others, 1987).
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named mountainrangewestof thefaultfrom
the Tertiary sedimentaryand volcanicrocks
that fill Horseshoe basin (Figures 3 and 4).
This fault segment, which is 11 to 12 kilo-
meters long and dips eastward beneath the
basin, was recognized by earlier workers
(Ertec, 1981; Morrison and others, 1981;
Menges and Pearthree, 1983; Pearthreeand

Figure 2. Probablelate Quaternary (active during the
last 150,000 years) faults and their relationship to the
three major physiographic provinces in Arizona. The
faults have been modified fronm Menges and Pearthree
(1983) and Scarborough and others (1986); the
boundaries of the physiographic provinces are from
Peirce (1984).
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Scarborough, 1984). Its location is easily
identified by lineaments created by differ-
encesin vegetationand by theabruptcontact
between the Precambrianand Tertiary rocks
(Figure5). Thesefeatures, however, arenot
necessarily indicative of Quaternary surface
rupture along the fault.

Quaternary surface ruptureismanifested
by scarps on therelatively smoothsurfaces of
alluvial fans estimated to be of Pleistocene
age (between 2 m.y. and 10,000 years old).
Thesealluvial fansarecomposed of boulders,
cobbles, and sand eroded from theadjacent
range. Their surfacesslope 1°to 13°toward
the Verde River away from the range front,
except where the scarps abruptly steepen
theslopesto 10°to 27°. Thescarps, whichare
preserved discontinuouslyalongsome9kilo-
metersof theHell Canyonsegment, displace
the alluvial-fan surfaces from 2 to 5 meters
(Figures3and 6). Thescarps’alignmentwith
the faulted contactbetween the Precambrian
and Tertiaryrocks and theirroughly perpen-
dicular orientation to drainages that issue
from the range strongly indicate that the
scarps were formed by surface-rupturing
earthquakes along the fault rather than by
erosionalong thedrainages thatflow into the
Verde River.

The scarps demonstrate that the Hell
Canyon segment has experienced at least
one, and possibly as many as three, strong
earthquakes since the alluvial fans were
deposited. Unfortunately, theages of these
alluvial fans could not be determined with
any precision. Characteristics of the scarps
themselves, however, suggest that at least
one, and probably two, surface ruptures
occurred during thelate Quaternary (within
about thelast150,000 years). Thescarpsare
straight, relatively steep (maximum slope
anglesbetween10°and 27°, withscarp heights
of 2 to 7.5 meters), and not markedly dis-
sected or modified by stream erosion. In
other areas of the western United States,

Figure3. Generalized geologic map of
the Horseshoe fault and surrounding
aren of Horseshoe basin. The geology
has been modified from Piety and An-
derson (1990).
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theabovecharacteristicsare thoughttohave at
formed during thelast 30,000 to 15,000 years
(Wallace, 1977; Bucknam and Anderson,
1979). Because scarp characteristics are in-
fluenced by many factorsbesidesage, direct
comparison of these characteristics among
areas with differentclimates, rock types, or
erosion rates is questionable. The straight-
ness, steepness, and location of the scarps
near the base of the range front, however, s
suggest that only limited erosion has oc- -

curred along this fault segment since the

Drainages

-- Terrace deposits along the Verde River (Pleistocene and Pliocene?)

Ts -- Tuffaceous sediment, volcanic rock (chiefly basalt), volcanic breccia, conglomerate,
sandstone, and mudstone {Pliocene? and Miocene)

Granitic rocks (Early Proterozoic, 1,650 m.y. to 1,750 m.y. old)

Horseshoe fault -- Solid where well located or approximately located, dotted where
concealed; bar and ball on downthrown side. Hachures indicate scarps on Pleisto-
cene alluvial fans. Numbers indicate vertical surface displacement (in meters)
estimated from topographic profiles.

HD -- Horseshoe Dam (Horseshoe Reservoir not shown)

mostrecentsurface-rupturing earthquake.
From these characteristics, we infer that at
leastone, and probably two, surface ruptures took place on the Hell
Canyonsegmentduring thelateQuaternary; the mostrecentrupture
may have occurred during the last 30,000 to 15,000 years.

Horseshoe Reservoir Segment

The Horseshoe Reservoir segment, which trends west-northwest
across Horseshoebasin, separates south-southwest-dipping Tertiary
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basalt, basalticbreccia, and tuffaceous sandstone on the south from
nearly horizontal Tertiary mudstone on the north. This segment,
whichis 9 to 10kilometers longand dipsnorthward (Figure 3), was
notidentified by previous workers, probably because much of this
segment is usually concealed by Horseshoe Reservoir. The faultis
markedby alineament along the strike of abasaltic bed thatismore
resistant to erosion than the weakly cemented mudstoneadjacent to
it,and by a steeply dipping fault contactbetweenvolcanicbreccia and



Figure4. Aerialview toward
the northwest of the two seg-
mentsof the Horseshoe fault.
The Hell Canyon segment
(HCS) trendsalong the mnge
in the middle ground. The
Horseshoe Reservoir segment
(HRS) trends away from the
viewer toward the Hell Can-
yonsegment. Horseshoe Dam
(HD) is partially concealed
in the middle ground.

mudstone exposed in
Davenport Wash (Fig-
ure 3).

Incontrastto thedis-
continuous scarps pre-
served along some 9
kilometers of the Hell
Canyon segment, evi-
dence for Quaternary
surface rupture on the
Horseshoe Reservoir
segment is readily ap-
parentatonly onelocal-
ity: on a terrace of the
Verde River just north
of Horseshoe Dam (Fig-
ure3). A curving, north-
facing scarp is pre-
served on this terrace surface, butis visible only when water levels
inHorseshoeReservoirarelow (Figure1). Thedisplacementhistory
of this segment was determined by excavating two trenches across
this scarp (Figures 1 and 3). Detailed mapping of the fault and
descriptions of the depositsexposed in the trenches clearly show that
surface-rupturing earthquakes accompanied by about 1 meter of
displacement occurred at least twice on the Horseshoe Reservoir
segmentsincedepositionof the Verde River terrace gravel. Evidence

Figure 5. Aerial view toward the north-northwest along the Hell Canyon segment (HCS) of the Horseshoe fault.
Lime Creek s just ouf of view in the foreground, and Hell Canyon is in the background. Tuffaceous sedimentary
and voleanic rocks oflate Tertiaryage (Ts)and alluvial-fan deposits of Quaternary age (Qf) arejuxtaposed against
granitic rocks in the range (Figure 3).

for surface ruptureis indicated by a step in the surface of the fluvial
gravelandby alignmentof gravel clasts, which wererotated to anear-
vertical orientation as the gravel deposits on adjacentsides of the fault
slid pasteachother (Figure7). After thisstep or scarp formed on the
terrace surface, exposed gravel clasts fell from thescarp and accumu-
lated atits base. Sand deposited by water flowing along the base of
the scarp orby wind blowingdownthe Verde River Valley filled inand
eventually covered thescarp. The gravel thataccumulated atthebase
of the scarp and some of the sand that was
deposited against the scarp have also been
disrupted by faultdisplacement, indicating
atleastone additional surface rupture.
Soilsdeveloped on the deposits exposed
in the trench were used to estimate the time
between surfaceruptures and the timesince
thelastrupture(foradescriptionofmethods,
see Birkeland, 1984). Because of the height
(18 meters) of the terrace surface above the
presentfloodplainofthe VerdeRiverand the
strongsoildevelopmentonthefluvial gravel,
we infer that the gravel was deposited at
mostabout300,000 yearsago. Thus, thetwo
or more surface ruptures exposed in the
trench mustbe younger than this. Themod-
erate to strong soil developmentduring the
intervalbetween two of thesurfaceruptures
indicates that about 50,000 to 100,000 years
separated the two events. Furthermore, the
relatively weak soil developed on the sand
that overlies all deposits displaced by the
fault suggests that the youngest rupture
occurred before 10,000 to 20,000 years ago.
Our best estimate for the timing of these
surface ruptures on the Horseshoe Reser-
voirsegmentisabout15,000 years ago for the
most recent event and about 100,000 years
ago for the penultimate event. Based on
empirical relationships between rupture
length, apparentsurfacedisplacement,and
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earthquake magnitude developed by Bonilla and others (1984), we
estimate that these earthquakes were about magnitude 6.5 to 7.

FUTURE SURFACE-RUPTURING EARTHQUAKES

Earthquakes strong enough to causerupture of the ground surface
haveundoubtedly occurred on the Horseshoe faultduring thelastfew
hundred thousand years. Could such earthquakes happen in the
future? Assuming thatdisplacements took place simultaneously on
both segments of the Horseshoe faultand that these displacements
duringthelastfewhundred thousand yearshavebeen approximately
evenly spaced, weestimate thatan interval of 50,000 to 100,000 years
separates thesurface-rupturing earthquakes. Becausethe youngest
ruptureoccurred before 10,000 to 20,000 years ago, itis possible that
several tens of thousands of years may pass before the nextsurface-
rupturing earthquake on the Horseshoe fault. On the otherhand, it
isequally possible thatsurface rupturesarenotevenly spaced. After
several hundred thousand years of quiescence, the current phase of
activitymay bejustbeginning. Evidence from well-studied faultsin
other areas indicates that surface-rupturing earthquakes on some
faults recur within a relatively short period that is followed by a
relatively long period without such earthquakes (Schwartz, 1988).
Suchtemporal clustering of surface-rupturing earthquakes along the
Horseshoe fault cannotbe ruled out. Because accurate earthquake
predictionisnotyetpossibleand because additional data thatfuture
studies might provide areneeded to improve our understanding of
faultbehaviorin Arizona, faults withevidence of Quaternary activity
incentral Arizona,including the Horseshoe fault, should be consid-
ered potential sites for future surface-rupturing earthquakes.
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Figure 6. Aerialview toward the west ofa linear east-facing scarp (befween arrows)
along the Hell Canyon segment of the Horseshoe fault between Lime Creek and Hell
Canyon (Figures 3and 5). The displacement of the alluvial-fan surface across this
scarpisabout 2 meters. Theslopeof thealluvial-fan surfaceis 10° to 13% the maximum
slope of the scarp is about 27°.

Figure 7. The Horseshoe Reservoir segment (HRS) of the Horseshoe fault exposed
in Trench 1excavated into the terrace just north of Horseshoe Dam (Figure 1). The
westwallof the trench is shown., The fault displaces fluvial gravel that was deposited
by the Verde River and is nowpreserved asa ferrace about 18 meters above the river.
The fault is marked both by the step in the gravel surface and by the gravel clasts
that have been rotated and aligned (sheared) by at least two ruptures. The arrows
indicate zones along which the gravel clasts have been rotated by displacement on
the fault. Sand deposited by water flowing along the base of the scarp or by wind
blowing down the Verde River Valley has partially covered the scarp. A weak soil
has developed in this sand (postfaulting soil) since the last displacement on the HRS.
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